Histone N-terminal tails are post-translationally modified in many ways. At lysine residues, histones can be either acetylated or methylated. Both modifications lead to the binding of specific proteins; bromodomain proteins, such as GCN5, bind acetyl lysines and the chromodomain protein, HP1, binds methyl lysine 9 of histone H3. Here we show that the previously characterized transcriptional repressor complex NuRD (nucleosome remodeling and deacetylase) binds to the histone H3 N-terminal tail and that methylation at lysine 4, but not lysine 9, prevents binding. Given that lysine 4 methylation is found at sites of active transcription, these results suggest that a function of lysine 4 methylation is to disrupt the association of histones with a repressor complex.
Histone N-terminal tails are post-translationally modified in many ways. At lysine residues, histones can be either acetylated or methylated. Both modifications lead to the binding of specific proteins; bromodomain proteins, such as GCN5, bind acetyl lysines and the chromodomain protein, HP1, binds methyl lysine 9 of histone H3. Here we show that the previously characterized transcriptional repressor complex NuRD (nucleosome remodeling and deacetylase) binds to the histone H3 N-terminal tail and that methylation at lysine 4, but not lysine 9, prevents binding. Given that lysine 4 methylation is found at sites of active transcription, these results suggest that a function of lysine 4 methylation is to disrupt the association of histones with a repressor complex.
The N-terminal tails of histones are multiply post-translationally modified. Such evolutionarily conserved modifications include phosphorylation, acetylation, and methylation (1, 2) . The "histone code hypothesis" predicts that combinations of modifications on the histone N termini will serve as binding sites for different protein modules (1, 3) . Furthermore, this differential binding of proteins to histone tails is proposed to affect chromatin structure and transcriptional regulation (4) . Indeed bromodomains have been shown to bind to acetylated lysines in histone N-terminal tails (5, 6) , and in vivo data suggest that the bromodomain of GCN5 can target transcriptional activators to acetylated promoter regions (7) .
Although methylation of histone lysines was discovered over 35 years ago (8) , only recent studies have elucidated that the transcriptional repressor SUV39H1 can methylate lysine 9 of histone H3 (9) . In accordance with the histone code hypothesis, methyl lysine 9 of histone H3 provides a binding site for the chromodomain of HP1 (10, 11) . The binding of HP1 is essential for heterochromatic silencing (10, 12) and is also involved in the repression of euchromatic genes (13) .
Consistent with a repressive role for transcription, lysine 9 methylation is found at silent heterochromatic sites (14 -16) . In contrast, methylation of histone H3 lysine 4 localizes to sites of active transcription (14, 15) , suggesting that this modification may be stimulatory for transcription.
Here we identify a complex of proteins that specifically binds to H3 tails and the binding of which is abrogated by lysine 4 methylation. Using mass spectrometry, we identify that this complex is the previously characterized repressor complex NuRD (nucleosome remodeling and deacetylase). We postulate that the displacement of NuRD from histone tails may be the activatory mechanism of lysine 4 methylation.
EXPERIMENTAL PROCEDURES
Peptides-Histone peptides, trimethylated at different lysine residues, were made by G. Bloomberg (Bristol University, UK). The C terminus of the peptides contained a two-glycine spacer followed by a cysteine. Peptides were immobilized onto Sulfolink coupling gel (Pierce) via the C-terminal cysteine at a concentration of 1 mg/ml.
Affinity Purification from HeLa Nuclear Extract-HeLa nuclear extract (Computer Cell Culture Center, Belgium) was diluted in IPH buffer (50 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40 (v/v)) to a final protein concentration of 4 mg/ml and precleared. Affinity purifications were done with 5 l of Sepharose-linked peptide and 150 l of diluted HeLa nuclear extract. Competitor peptide was added to a final concentration of 150 g/ml, where used. The purifications were incubated for 90 min on a wheel at 4°C and washed 3 times in IPH before resolution on an 8% SDS-PAGE gel. For column purification of complex, 2 ml of diluted HeLa nuclear extract was poured twice over a microcolumn of 100 l of Sepharose-linked unmethylated H3 peptide. The column was washed with 4 column volumes of IPH, and bound proteins were eluted in 250 mM NaCl IPH. Eluted fractions containing the complex were made up to 150 l in IPH and rebound to 5 l of H3 peptide-Sepharose, as above. Bound proteins were visualized by silver staining as described previously (17) .
Mass Spectrometry Identification of Proteins-Proteins that rebound unmethylated peptide after column purification were excised from an 8% Coomassie stained gel with a protein-free razor blade. Proteins were digested in-gel with trypsin. After overnight incubation at 30°C, a 0.5-l aliquot from the digest was spotted on the MALDI 1 target for fingerprinting. The remaining digest was purified using C18 Zip-Tips prior electrospray ionization mass spectrometry. Peptide mass fingerprints were taken with a MALDI instrument from Micromas fitted with delayed extraction, using ␣-cyanocinnamic acid dissolved in 50% acetonitrile, 0.1% trifluoroacetic acid as matrix. Collision-induced decomposition fragmentation spectra from peptides were taken with an ion-trap instrument (LCQ-Decca) from ThermoQuest. Protein data bases were searched with the mass spectrometry data using the programs Mascot (matrixscience.com, mass fingerprinting and fragmentation spectra) and Profound (129.85. 19.192 , mass fingerprinting data).
Deacetylase Assays-Histone peptide affinity purifications from HeLa nuclear extract were resuspended in 100 l of fresh IPH buffer containing 150,000 cpm of 3 H-labeled acetylated H4 peptide. Reactions were incubated at 37°C for 120 min with regular mixing. Reactions were stopped by the addition of 65 l of acid mix (1 M HCl, 0.16 M acetic acid). 700 l of ethyl acetate was added and tubes were vortexed vigorously for 20 s. Phases were separated by centrifugation at 13,500 rpm for 1 min. 500 l of the upper phase (ethyl acetate) was removed and mixed with 1 ml of scintillant (Optiphase TM , Wallac). Release of [ 3 H]acetate from the H4 peptide was measured in counts per min using a scintillation counter (Beckman LS6000SC).
Western Blots, Antibodies, and Immunoprecipitations-Bound proteins were resolved on 8% SDS-PAGE gel, blotted to nitrocellulose, and blocked overnight (4% nonfat milk, 0.5% Tween 20, v/v). Blots were probed with the following antibodies for 1 h at room temperature: anti-Rbap48 (Genetex, 11 g10, 1 g/ml), anti-DNMT1 (NEB-231, 1 in * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. E-mail: tk106@ cam.ac.uk. 1000), anti-Sin3 (Santa Cruz 994, 1 g/ml), and anti-p60 (T. Krude, 1 in 1000). Blots were washed in blocking buffer, incubated with horseradish peroxidase-linked secondary antibodies (Abcam), and visualized with ECL (Amersham Biosciences). NuRD immunoprecipitations were done by incubating 500 l of diluted HeLa nuclear extract with anti-MTA2 antibody (Santa Cruz 9447, 1 g/ml) and 15 l of protein A/G bead mix (Amersham Biosciences) for 5-12 h at 4°C. Precipitations were washed 3 times with IPH before resolution on a 20% SDS-PAGE gel. After blotting to nitrocellulose and blocking (5% bovine serum albumin, 0.5% Tween 20) for 1 h at room temperature, the blots were probed overnight with anti-MBD3 (Santa Cruz 9402, 1 g/ml), anti-H3 2 (500 ng/ml), or anti-H4 (Abcam ab7311, 500 ng/ml). Blots were washed briefly with bovine serum albumin blocking buffer, incubated with horseradish peroxidase-linked secondary antibody, and visualized as above.
RESULTS

The Histone H3 N Terminus Binds a Set of Proteins When
Unmethylated at Lysine 4 -Our recent discovery that a function of methylation of lysine 9 is to recruit HP1 proteins specifically to histone tails (10) prompted us to ask whether methylation of other residues of H3 might recruit a different set of proteins to histone tails. Our approach was to use differently methylated histone peptides in pull-down assays from HeLa nuclear extract and analyze the bound proteins by silver stain. The histone peptides used were trimethylated at lysine 4 (K4), lysine 9 (K9), or both (K4ϩK9), and two control peptides of unmethylated H3 and H4 tails (Fig. 1A) . These peptides were immobilized onto Sepharose beads via a C-terminal cysteine residue and used to affinity purify proteins from HeLa nuclear extract. Although there were some proteins that were specifically bound to the methylated peptides, we noticed a number of proteins that were specifically purified by the unmethylated H3 peptide (Fig. 1B, lane 1, marked by arrows) . This set of proteins is also purified by the Lys-9 methylated H3 peptide (lane 4) but not by a peptide methylated at Lys-4 (lane 3) or Lys-4 and Lys-9 (lane 2) or by an unmethylated H4 peptide (lane 5). This suggests that these proteins only bind to histone H3 N termini when lysine 4 is unmethylated and that methylation of lysine 9 does not disrupt the binding of the complex.
To confirm the specificity of the proteins binding to unmethylated H3 peptide, pull-down assays were done as in Fig. 1B , lane 1, in the presence or absence of competitor peptide. The set of proteins bound to the unmethylated peptide (Fig. 1C, lane 1) is competed away by peptides unmethylated at lys-4 (Fig. 1C,  lanes 2 and 5) but not by peptides with a methylated Lys-4 ( lanes 3 and 4) . The competition experiment highlights those bands that are specific for unmethylated H3 (marked on left with arrow) and those bands that are nonspecific contaminants and cannot be competed away (marked on right with asterisk).
The Set of Proteins Bound to Unmethylated H3 Tails Is the NuRD Complex-To identify the components bound to unmethylated histone H3 we used mass spectrometry. For this purpose, the complex was purified from HeLa nuclear extract over a column of unmethylated H3 peptide. The column-purified complex, once eluted in high salt, was rebound to unmethylated peptide in a pull-down assay. The rebound components were resolved by SDS-PAGE and silver stained ( Fig. 2A) . This purified source of the complex was used for mass spectrometry identification of the components. The subunits of the complex identified in this way are indicated on the right of Fig. 2A . The subunits include the histone deacetylases HDAC1/2, the ATPase chromatin-remodeling enzyme Mi-2␤, the RB-associated proteins Rbap48/46, the metastasis-associated antigens MTA1/2, and the methyl CpG binding domain MBD3. These components are all found in the previously characterized NuRD complex (18 -20) . Proteins of the same molecular weight as bands B and K are present in other NuRD purifications (20) , and therefore the unmethylated H3 binding complex is indeed NuRD.
Several components of the NuRD complex have been identified in other deacetylase complexes (21) . To investigate whether complexes other than NuRD are also being purified by our method, we probed the purified complex ( Fig. 2A) with antibodies against other deacetylase complex components. As expected, the Rbap48 protein was detected (Fig. 2B, lane 1) , whereas DNMT1 and Sin3 (present in distinct deacetylase complexes (22, 23)) were absent from the H3 purified complex 2 A. Bannister, unpublished data.
FIG. 1.
Histone H3 peptide, unmethylated at lysine 4, purifies a specific set of proteins. A, schematic diagram of the histone peptides. The C terminus of each of the peptides was followed by GGC (not shown in figure) . B, the five peptides shown in A were immobilized onto Sulfolink Sepharose via the C-terminal cysteine residue and used to affinity purify proteins from HeLa nuclear extract. After washing, bound proteins were resolved on 8% SDS-PAGE gel and silver stained. C, affinity purifications were done using the unmethylated H3 peptide, as for B, in the absence of peptide competition (lane 1) or the presence of histone H3 peptide competition (lanes 2-5). Proteins were resolved on an 8% gel and silver stained. (lanes 2 and 3) . Rbap48 is also present in the CAF-1 (chromatin assembly factor 1) complex (24) . However, a Western blot with the p60 subunit of CAF-1 did not detect CAF-1 in the H3 purified complex (lane 4).
NuRD has deacetylase activity when immunopurified from extracts (18, 20, 25) and also when purified using ion-exchange chromatography (26) , and this is thought to contribute to its repressive potential. To establish if NuRD still has deacetylase activity when affinity purified on unmethylated H3 peptide, we assayed peptide pull-down assays for deacetylase activity. Fig.  2C shows that the unmethylated H3 peptide did associate with a significant level of histone deacetylase (HDAC) activity (lane 1). In contrast a peptide methylated at Lys-4 pulled down background levels of HDAC activity (Fig. 2C, lane 2) . This suggests that the deacetylase activity of the NuRD complex is not compromised when it is associated with the unmethylated histone H3 tail.
NuRD Complex Associates with Native Histone H3 Only When Unmethylated at Lysine 4 -To demonstrate that NuRD binds not only to histone N-terminal peptides but also to fulllength native histone we asked if the NuRD complex can associate with histones when immunoprecipitated from HeLa nuclear extract. Previous studies have shown that the NuRD complex can be immunoprecipitated using anti-MTA2 antibodies (19) . Fig. 3 shows that MTA2 antibodies can precipitate MBD3 (a component of NuRD) as well as histone H3 and H4, as detected by Western blot with the respective antibodies (lane 1). The immunoprecipitated histones can be efficiently competed away by the unmethylated peptide but not by the Lys-4 methylated peptide (Fig. 3, lane 2 versus 3) . These data suggest that the NuRD complex associates with unmethylated native histone H3 (and interacts indirectly with H4 via H3).
DISCUSSION
The results presented here demonstrate that the NuRD complex can bind to histone H3 N-terminal tails when it is unmethylated at lysine 4. The NuRD complex can be purified effectively following two rounds of affinity purification with the histone H3 peptide ( Fig. 2A) , suggesting a selective and avid interaction. The deacetylase activity associated with NuRD is not compromised following the association with histone H3 tails, suggesting that the complex may possess repressive activity while bound to histones. Although there are a number of repressive complexes containing histone deacetylases, our limited analysis provides no evidence of an interaction with a complex other than NuRD. We cannot exclude the possibility however that the association with other repressive complexes may be compromised under our conditions.
The NuRD repressor complex is targeted to specific promoters by DNA binding transcriptional repressors (27) . This is likely to be the first step in transcriptional repression. The binding of NuRD to histone H3 may be necessary as a second step in repression because its deacetylase activity may aid the process of methylation at lysine 9 of histone H3 (9, 12) . Such a model is consistent with the finding that the NuRD complex can associate with histone H3 when lysine 9 is methylated.
The fact that lysine 4 methylation prevents the association of histone H3 with NuRD suggests a de-repressive mechanism by which lysine 4 methylation may stimulate transcription. In this model, lysine 4 methylation displaces the deacetylase activity of the NuRD repressor leading to the acetylation of lysine 9 and the occlusion of the HP1 repressor protein.
FIG. 2. The unmethylated H3 binding complex is the NuRD complex.
A, the complex was purified over a column of unmethylated H3 peptide and eluted by a stepwise salt gradient. Eluted fractions were used to rebind to the unmethylated histone H3 peptide. Identical samples of bound protein were run on an 8% PAGE gel and either silver stained, as shown here, or Coomassie stained. Coomassie stained bands were excised from the gel and subjected to mass spectrometry protein identification. The results of the analysis are shown on the right of the gel. B, the column-purified fraction used for A (Complex) was run on an 8% SDS gel, transferred to nitrocellulose, and Western blotted in comparison to HeLa nuclear extract input (Input). C, peptide pull-down assays were done as for Fig. 1B . Bound protein was assayed for deacetylase activity, and released tritiated acetate was measured by scintillation counting. 
